Abstract Diagnosability is the ability to discriminate between similar taxa, including sibling or cryptic taxa. We have developed an explicit test of diagnosability, using the Sylvia cantillans species complex as a model, which compares an identification based on phenotype with that based on genotype. Individual warblers sampled during their migration in central Italy were first identified to the (sub)species level using putatively diagnostic plumage traits. Nucleotide sequences of a (598-bp) fragment of the mitochondrial (mt)DNA cytochrome b were then used to assign each individual to distinct phylogenetic clades, as determined by reference haplotypes that had been sequenced in breeding individuals. This resulted in the construction of clearly distinct clades corresponding to known taxa of the complex. The new haplotypes were assigned to one of the previously identified groups (corresponding to three different taxa); no sample was assigned outside of them. In contrast, when plumage traits were used to assign the birds into distinct phylogenetic clades, 11 of 58 birds were classified as 'uncertain/intermediate' among two taxa, while five were classified differently with the two methods. A perfect agreement between the two methods was found for only for one taxon (Sylvia subalpina, syn. S. moltonii). For the other two taxa of the complex, diagnosability is therefore not guaranteed, and their field identification by hand should be carefully addressed. We provide here an example of an explicit test for establishing the diagnosability of taxa in which two or more 'markers' can be used for determining discordant identification and/ or unambiguous diagnosability. Our results outline the importance of considering different features for taxa diagnosis and illustrate the weakness of visual appearancebased identification (currently widely used for taxa determination) in our study complex.
Introduction
Evolution promotes speciation, which means increasing diversity through divergence among taxa that become progressively distinguishable to us in terms of genotype and phenotype (de Queiroz 1999) . Diagnosability (see Helbig et al. 2002; Watson 2005) is our ability to discriminate between similar taxa based on characters or character state. It is an obvious requirement for taxon distinction, and a necessary condition for assigning species rank (Helbig et al. 2002 and references therein) . A taxon is 'diagnosable' when individuals of at least one age/sex class can be distinguished from individuals of the same class(es) of all other taxa by at least one qualitative difference, or when at least one class is separated by a complete discontinuity in at least one continuously varying character from the same class(es) of other taxa (Helbig et al. 2002) .
These diagnostic traits may be of various origins, such as external and internal morphology or morphometrics, molecular data and karyotypes, distribution range and habitat preferences and behavioural and reproduction traits (Watson 2005) . Suitable diagnostic traits in taxonomy should have strong genetic and low environmental components of variation (Helbig et al. 2002) .
Diagnosability has often been applied for assigning taxonomic rank (particularly in birds) and is considered to be essential to all species concepts at the operational level (Li et al. 2006) . However, tests of taxa diagnosability are scarce. The aim of the study reported here is to demonstrate the potential importance of just such a test using a simple working example. Within this framework we carried out an explicit test of diagnosability in a complex of closely related taxa and evaluated the reliability of current field diagnosis among the taxa of the complex.
Our model species complex, the Subalpine Warbler Sylvia cantillans, is a Mediterranean passerine bird. It was formerly considered to be a polytypic species (Cramp 1992) but can actually better be regarded as a complex of different taxa (traditionally ranked as subspecies, but including at least two different species; Brambilla et al. 2008a ) that are closely related to each other but with distinctive characteristics. The main differences used to distinguish the taxa of the complex are contact/alarm calls (Brambilla and Guidali 2005) and plumage, especially the underpart colours in males (Shirihai et al. 2001) . Song perception has been shown to be the most likely underlying mechanism of reproductive isolation between two taxa of the complex that occur in sympatry and parapatry but do not hybridise (Brambilla et al. 2008a, b) . Call differences are rather diagnostic and are used as a useful means to identify three differentiated taxa (Shirihai et al. 2001; Brambilla and Guidali 2005) , of which one (the nominate subspecies S. c. cantillans) has been shown to be polyphyletic, including two genetically well-diverged clades (Brambilla et al. 2008a) . In contrast, morphometrics are of rather limited use, with only S. c. albistriata being on average larger than other taxa (Shirihai et al. 2001) . Most ringed birds belonging to the S. cantillans group are trapped during migration, when they are rarely vocal, and are currently identified mainly on the basis of their visual appearance. According to the literature, males (especially individuals at least 2 years of age) are often easily identified at the (sub)specific level based on their plumage colours, while juveniles and females are often indistinguishable, with rather few exceptions (see Shirihai et al. 2001) .
Given this background, we decided to assess the reliability of plumage diagnosability in males of the Subalpine Warbler species complex. Plumage-based recognition plays a major role in bird identification, including the (sub)specific attribution of taxa belonging to the S. cantillans complex, and thus the results of our experiments could have implications on the work of field observers and ringers. Moreover, plumage-based identification is particularly interesting for explicitly testing diagnosability because of its wide use in bird diagnosis. In our study, plumage identification is compared with genetic classification that was obtained using independent data [mitochondrial (mt)DNA haplotypes].
We chose to use cytochrome b as our genetic marker as it is one of the most widely used genes for determining the phylogeny and phylogeography of passerine birds (Wink 2006) , and it is known to show diagnostic variations within our study species complex (Brambilla et al. 2008a ). We considered a taxon to be 'diagnosable' if all the individuals classified on the basis of plumage features belong to the relevant mtDNA clade, and vice versa (all individuals of a mtDNA clade show the plumage characters of such clade). In all other cases, taxa were considered to be not diagnosable (i.e. when some individuals resulted in discordant identifications).
Methods

Study area and sample collection
All sampling carried out in this study took place on Ventotene island (40.48°N, 13.25°E), a ringing station in the central Tyrrhenian Sea, during the spring migration. Samples were taken from 58 birds that had been caught by mist netting during the 'Progetto Piccole Isole', between 31 March and 28 May 2006.
Preliminary data indicated that trapping birds at this stopover site should lead to the capture and subsequent identification of the following taxa of the complex: (1) the nominate race S. c. cantillans, with a breeding area from the western Mediterranean to southern Italy (Shirihai et al. 2001; Brambilla et al. 2006 ; now regard this race to include two distinct groups; see below and Brambilla et al. 2008a ); (2) S. c. albistriata, an eastern subspecies, with a breeding area from Trieste (NE Italy) to Greece and western Turkey; (3) Moltoni's Warbler S. subalpina (synonym S. moltonii), which is endemic to a restricted area in the central Mediterranean (Sardinia, Corsica, Balearics and few regions in central-northern Italy; Brambilla et al. 2006 Brambilla et al. , 2007 ; now considered taxon to be a full species; Brambilla et al. 2008a, b) . Theoretically, therefore, sampling at this time and location would lead to an absence of S. c. inornata, the subspecies inhabiting northern Africa (Shirihai et al. 2001) , and the western (Spain, France) populations formerly belonging to S. c. cantillans, which are genetically rather diverged from the southern (Italian) cantillans, despite morphological and vocal similarities (Brambilla et al. 2008a) . These latter subspecies/populations probably take a more westerly route to their breeding grounds, crossing at Gibraltar (see Cramp 1992 , and references therein; Shirihai et al. 2001) .
By choosing to study migrants rather than breeding birds, we cannot a priori presume which (sub)species we are dealing with (with the exception of the contact zone between cantillans and subalpina, all taxa of the complex are mainly allopatric, and thus breeding birds in many cases could be assigned to a given taxon simply based on their geographical origin). Consequently, the (sub)specific identification should not be biased by known distribution data.
Plumage-based (sub)specific attribution of trapped birds A minimum of four pictures were taken of each trapped bird. All pictures were carefully examined, and subspecies was assigned by judging and comparing the photographs. The (sub)species of each bird was determined based on the features of the breast, belly, submoustachial stripe and head (Table 1) . It should be noted that Italian cantillans breeders are in general phenotypically similar to western cantillans, although they often have a wide white moustache, a rather large white belly patch, occasional quite dark lores and a slightly washed-out tinge on flanks (Brambilla 2007) . These traits are slightly more reminiscent of albistriata (although not reaching its typical appearance) than of the western cantillans; notably, descriptions of cantillans in classical bird handbooks usually refer to the latter populations. Southern cantillans birds typically have a definitely orange-red tinge on their underparts, which is rather different from the brick-red or vinaceous colour of albistriata, and the red colour on the breast is not sharply demarcated against the white belly (Brambilla 2007) . However, we did classify some birds as uncertain/intermediate as they had features falling somewhat between those of cantillans and albistriata. In most cases, they had a pronounced submoustachial stripe, a separation between the red breast and white belly but only approaching the characteristic neat demarcation of typical albistriata, a deep red (but not vinaceous or brick-red) colouration on the throat and breast and a flank colour slightly paler than the breast and belly, but not the almost uniform colour of typical cantillans and also not as distinctly different as in typical albistriata.
Genetic identification
DNA was extracted from feathers stored in ethanol in accordance with laboratory procedures described by Randi et al. (2003) and Brambilla et al. (2008a) . The PCR primers (named 4L and 662H) used to amplify the first half of the mtDNA cytochrome b gene were the same of those used by Brambilla et al. (2008a) . A potential problem with phylogenetic analyses based on mtDNA data is the occurrence and amplification of mtDNA homologues from the nuclear genome (numts) (e.g. Sorenson and Fleischer 1996; Kidd and Friesen 1998) . All of the cyt b sequences we obtained could be functionally translated without premature terminations, and there was no evidence suggesting that the presence of numts may have biased our mtDNA analyses.
A contiguous 598-bp fragment was obtained from each sample. Sequences of migrant haplotypes have been deposited in GenBank under Accession Nos. GQ433965-GQ433979. Individuals were assigned to a subspecies/ group using a phylogenetic approach. A mtDNA cytochrome b phylogenetic tree (Brambilla et al. 2008a) revealed the existence of large phylogenetic distinctions among albistriata, subalpina and two (western and southern) cantillans mtDNA clades. These clades showed genetic distances D between 1.7 and 5.0%. We used a subset of reference haplotypes determined in breeding individuals caught in the range of the four clades, and thus representing cantillans (southern and western clades; see above), subalpina (both mainland and insular populations) and albistriata (both from the western and eastern portions of its range). For each group, we selected the four commonest haplotypes (as found in Brambilla et al. 2008a ); for subalpina, we selected the two commonest mainland haplotypes and two insular haplotypes, the latter representing Corsican and Balearic populations. The tree resulting from the reference haplotypes revealed a clear distinction among the three subspecies and strong statistical support for each group (bootstrap values for each group C99%), consistent with the wider analysis of breeding birds (Brambilla et al. 2008a) . Together with the reference haplotypes we then included all migrants, classified on the basis of their plumage features (see above) and re-built the phylogenetic tree, recording the placement of the newly included (migrant) samples in the tree (see Fig. 1 ). On the basis of the assignment (no sample was placed outside the previously identified groups; see ''Results'' and Fig. 1) , we determined the (sub)specific attribution based on mtDNA. One sequence of Sylvia atricapilla (GenBank accession no. Z73494.2) was used as the outgroup. Phylogenetic relationships were inferred using:
(1) the neighbour-joining (NJ) method, based on number of differences among sequences (using MEGA 3.1; Kumar et al. 2004 ). Bootstrap tests with 1000 replicates were performed to assess the robustness of the clades (i.e. bootstrap support). (2) the heuristic search strategy, carried out in PAUP* 4.08b (Swofford 2001) , with the exclusion of all uninformative nucleotide positions, unordered and equally weighted characters, starting trees obtained via random stepwise addition, random haplotype additions with ten replicates, multiple minimal trees swapped by tree-bisection-reconnection (TBR) branch swapping and collapsed zero-length branches.
MulTrees option was in effect; steepest descent option was not in effect. Gaps were treated as missing data, and 300 replicates were used for assessing bootstrap values (10 6 rearrangements were tried). (3) the maximum likelihood (ML) method, carried out in PAUP* 4.08b (Swofford 2001) . Bootstrap values were assessed by means of 100 replicates on 100 equiprobable trees. The choice of model (HKY?G) mirrored the results of the previous phylogenetic study (Brambilla et al. 2008a ). Posterior probabilities were calculated in the software programme MrBayes for cytochrome b under a HasegawaKishino-Yano with gamma-shaped variation across sites (HKY?G) model (see above and Brambilla et al. 2008a ). Four Metropolis-coupled Markov chain Monte Carlo chains were run for 10 6 generations and sampled every 100 generations. The temperature was set to 0.1 to improve the mixing of the chains, given that it was found to be poor at the default temperature 0.2 (cf. Olsson et al. 2005) . Other settings were kept as default values. The first 200,000 generations, before the chain reached apparent stationarity (burn-in), were discarded, and the posterior probability was estimated for the remaining 800,000 generations. Stationarity was confirmed by potential scale reduction factors (all the parameters falling between 1.000 and 1.013) and by the plot looking like 'white noise', with no tendency of increase or decrease over time.
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Results
The reference haplotypes lead to a well-resolved phylogenetic tree, according to all methods: the breeding birds of the four clades were grouped into four different and clearly separated groups.
Of the 58 photographed and examined birds, 29 were classified as cantillans, ten as albistriata and eight as subalpina based on plumage traits. The remaining 11 were classified as 'uncertain/intermediate' cantillans/albistriata due to the presence of plumage traits that were intermediate between the typical appearance of the two taxa, thereby preventing us from unequivocally assigning them to one of the two subspecies. Moreover, some cantillans birds showed a paler colour on their flanks and a rather wide submoustachial stripe, while still displaying all of the other typical cantillans traits. These birds were therefore classified as cantillans. Subsequent analysis based on cyt b revealed that this classification was correct.
Genetic analysis revealed that all of the birds belonged to three distinct clades that were perfectly associated with the 'reference' haplotypes. As expected, no western cantillans was sampled (see above). Bootstrap values of the three methods confirmed the validity of the tree, as all the groups had a support C87% for the bootstrap procedure in the neighbour joining tree, C78% according to the maximum parsimony tree and C74% according to the maximum likelihood tree. In addition the posterior probability was C0.88 in the Bayesian analysis (see Fig. 1 ). Therefore, each group received a good statistical support from bootstrap and posterior probability values.
However, the position in the phylogenetic tree imperfectly matched the identification based on photographs, and thus identification based on the genotypic analysis differed in some cases from that based on phenotypic attribution. In fact, of the ten birds determined to be albistriata, only five showed an albistriata-like cyt b sequence, while the remaining five were grouped together with cantillans. Three of these 'misclassified' birds showed a nearly 'unmistakable' albistriata plumage, with all the typical features of this subspecies (large white moustache, vinaceous-red tinge restricted to the upper breast, faint red colour on flanks, dark lores).
Of the 11 intermediate cantillans/albistriata birds, one proved to have an albistriata-like cyt b, while the other ten were genetically cantillans.
The 29 males classified as cantillans were actually all grouped in the phylogenetic tree with the reference cantillans breeders.
All eight males classified as subalpina based on the photographs were identically classified by the genetic data, being grouped with the respective reference haplotypes in a unique group (but evidently mutually with 'mainland' or 'insular' haplotypes, respectively); no subalpina mtDNA was found among the differently classified birds.
Discussion
Diagnosability is a hotly discussed topic among ornithologists (Watson 2005) . The correct identification of taxa is required both in taxonomic research and field ornithology (Helbig et al. 2002) . However, although a variety of different suites of traits are potentially diagnostic (i.e. morphometrics, external or internal morphology, behavioural or ecological traits, molecular data, etc.), most are still of undetermined taxonomical value and weight (Helbig et al. 2002) . Thus, explicit tests of diagnosability are needed, particularly in assemblages that include sibling or cryptic taxa. In this study we have tested the strength of identifications based on plumage in a group of strictly related taxa that are currently primarily identified on the basis of male plumage and compared the classifications with those based on mtDNA analysis. Our study population consisted of 58 trapped males of the Sylvia cantillans species complex.
The results of this study show that different levels of diagnosability apply to the different taxa comprised within the S. cantillans complex. The haplotypes of migrant warblers were assigned to distinct haplogroups as defined based on the reference breeding birds. There were three well-distinct groups, with no haplotype occupying a problematic position and all groups having good statistical support. However, plumage-based identification was not always consistent with the classification provided by mtDNA. Intermediate birds (not reliably classifiable based on their plumage) were placed in both the albistriata and (especially) cantillans groups and, more importantly, albistriata-like birds, as identified on the basis of plumage traits, were not all classified as belonging to this subspecies, with some determined to be cantillans according to their cyt b. These results demonstrate the weakness of plumage-based identification and complicate field and hand identification of these taxa, whose subspecific attribution requires caution. The mtDNA analysis did not allow us to check for the occurrence of birds originating from a secondary contact area with mixed mating between cantillans and albistriata; such birds would probably show intermediate or even 'wrong' plumages when compared with their mtDNA classification. Intermediate and misclassified birds could be hybrids of cantillans and albistriata, they could result from (possibly unilateral) introgression, or they could be southern cantillans with an outer appearance similar to albistriata. However, these ambiguities can only be resolved through the use of a nuclear marker and a larger sample.
Our results clearly show that subalpina is the most differentiated taxon; all birds assigned to this subspecies by plumage were placed together with breeders of this race, and no subalpina haplotype was found among birds otherwise identified. Therefore, based on our analysis of this sample, this species appears to be 100% diagnosable on the basis of the male's plumage features (as well as by mtDNA). Although the small size of the sample prevents us from drawing definitive conclusions, the perfect diagnosability of subalpina in the Ventotene sample confirms the strong differentiation between this and the other taxa of the complex (Brambilla et al. 2008a) , as also shown by its placement in the mtDNA tree (Fig. 1) .
In conclusion, plumage-and mtDNA-based diagnosability of taxa belonging to the Sylvia cantillans complex may be considered as straightforward for subalpina, but unreliable for many other individuals, which despite a rather typical 'albistriata' appearance show a cantillans mtDNA. Consequently, other traits should be studied in order to develop a safe method for hand diagnosability of the latter taxa. Based on a taxonomic point of view, the splitting of subalpina (cf. Shirihai et al. 2001 ) into a different species (Sylvia subalpina, or S. moltonii), as recently proposed on the basis of song perception (Brambilla et al. 2008b ) and genetic divergence among breeding populations (Brambilla et al. 2008a) , is also supported by the diagnosability of the males in our sampling population, in addition to strong differences in vocalisations (Brambilla and Guidali 2005) and specific distribution patterns (Brambilla et al. 2006 (Brambilla et al. , 2008c .
Our results also provide a working example of an explicit test of taxa diagnosability. In particular, they illustrate the importance of considering different features for taxa diagnosis. In the case reported here, if only the mtDNA analysis were to be considered, cantillans and albistriata may also appear to be fully diagnosable. The use of two or more 'markers' for diagnosis may reveal discordant identification and thus the lack of unambiguous diagnosability. We suggest that procedures based upon two or more 'independent' traits should used for judging diagnosability among closely related taxa in taxonomic studies. In this respect, Alström et al. (2008) provide a fine example of how the use of multiple criteria can greatly improve assessment of taxonomic status in a bird species complex, the Bradypterus thoracicus complex, and similar multidimensional analyses have greatly enhanced taxonomic diagnosability in Asian Phylloscopus warblers (Martens et al. 2008) and Canary Island Goldcrests (Päckert et al. 2006) . In these species complexes, mtDNA and song were the most useful traits for taxonomic assessment (Alström et al. 2008) , similar to the Sylvia cantillans complex, where mtDNA identifies the main clades (Brambilla et al. 2008a ) and song seems to represent the most important isolation mechanism (Brambilla et al. 2008b) .
Genetic attribution may be a powerful tool if a clear pattern of genetic divergence among populations is known. The use of more sensitive molecular markers, such as microsatellites or nuclear genes, may help in determining the occurrence of hybridisation and introgression among related taxa, which was not possible in our analysis based on mtDNA. 
Zusammenfassung
